Alpha7 nicotinic acetylcholine receptors (nAChRs) play an important role in learning and memory and are promising targets for pharmacological cognitive enhancement. Memantine, an approved substance for Alzheimer's disease treatment, is an antagonist of the N-Methyl-D-aspartate receptor (NMDAR) and also acts as an alpha7 nAChR antagonist. Here, we tested the interaction between an alpha7 nAChR agonist (PHA-543613) and memantine. Efficacy of memantine, PHA-543613, and their coadministration were investigated on the spatial working memory of rats using the spontaneous alternation paradigm in T-maze. Scopolamine-induced transient amnesia was used to model cognitive impairment. First, the dose-response relationship was assessed for memantine, and its lowest effective dose was found to be 0.1 mg/kg. Then, co-administration treatments with subeffective doses of the alpha7 nAChR agonist PHA-543613 and different doses of memantine were tested. The co-administration of subeffective drug doses significantly improved memory performance of the rats and reversed scopolamine-induced deficits. Interestingly, a higher than effective (0.3 mg/kg) dose of memantine did not increase performance in monotreatment, only in coadministration with PHA-543613. However, the co-administration of PHA-543613 did not further increase the efficacy of the previously effective monotreatment doses of memantine. Thus, the efficacy of memantine monotreatment and its co-administration with PHA-543613 converged to create a common ceiling effect, with an additive interaction found in the behavioral effects. These results suggest that memantine and PHA-543613 may exert their cognitive enhancer effects on the same target, possibly on the alpha7 nAChRs. Results also suggest possible benefits of a combination therapy with memantine and alpha7 nAChR agonists.
INTRODUCTION
Globally, 24.3 million people suffer from dementia, with approximately 4.6 million new cases every year (Ferri et al., 2005) . This has led to an increased global need in studying dementia, or cognitive impairment, and its underlying mechanisms. A major area of concern is development of effective pharmacological treatments that produce minimal or no adverse side effects.
Memantine, an uncompetitive antagonist of the N-methyl-D-aspartate receptor (NMDAR), is an approved drug in the treatment of Alzheimer's disease (AD). Memantine has also been found effective in enhancing memory performance in various animal models of dementia and different behavioral paradigms (Wise and Lichtman, 2007; Busquet et al., 2012; Schneider et al., 2013) . Memantine is thought to block overstimulation of the NMDARs caused by amyloid-beta (Aβ) oligomers implicated in the pathogenesis of AD (Danysz and Parsons, 2012) without affecting physiological glutamatergic activity necessary for synaptic plasticity (Parsons et al., 1999) . However, it was also observed to act on alpha7 nicotinic acetylcholine receptors (nAChRs) as an antagonist, perhaps more potently than on NMDARs (Aracava et al., 2005) .
Selective alpha7 nicotinic acetylcholine receptor (nAChR) agonists are another class of drugs that are emerging as potent treatments for neurocognitive disorders. A substantial body of evidence indicates the role of alpha7 nAChRs in cognitive performance and memory (Dani and Bertrand, 2007) . Thus, they provide a suitable target for the treatment of AD and other neurocognitive disorders (Toyohara and Hashimoto, 2010) . PHA-543613 is a selective alpha7 nAChR agonist, which reportedly alleviates amphetamine-induced auditory gating deficit and improves object recognition memory in rats (Wishka et al., 2006) . It also appears to be effective in treating Aβ 25−35 -mediated cognitive deficits in mice (Sadigh-Eteghad et al., 2015) . In addition, it ameliorates spatial working memory deficits induced by the muscarinic AChR antagonist scopolamine in rats (Bali et al., 2015) .
While most of the therapeutic treatments available today involve a single cognitive enhancer agent, there is an increasing interest in developing combined treatments that involve two or more cognitive enhancers in otherwise subeffective or inactive doses. A fixed-dose combination of memantine and acetylcholinesterase inhibitor (AChEI) donepezil has already been approved by the Food and Drug Administration (FDA) of the United States. However, the same therapy has not been approved by the European Medicines Agency because of limited clinical evidence of its benefits over monotherapies with AChEIs or memantine (Deardorff and Grossberg, 2016) . Combinations of memantine and donepezil also showed limited efficacy in preclinical animal models (Wise and Lichtman, 2007; WoodruffPak et al., 2007) . However, galantamine, another AChEI also possessing affinity for an allosteric site of the alpha7 nAChR, exerted far better synergistic effects in co-administration with memantine in alleviating scopolamine-induced cognitive deficits in mice (Busquet et al., 2012) . It has also been reported that alpha7 nAChR activity enhances glutamatergic signaling via NMDARs (Yang et al., 2013; Bali et al., 2017) . Based on the above findings, we hypothesized that various pharmacological interactions might occur between memantine and alpha7 nAChR agonists. Such interactions could also potentially result in an increased efficacy of combinational treatments on cognitive performance. Therefore, in the present study, our aim was to test the efficacy of co-administration treatments with the selective alpha7 nAChR agonist PHA-543613 and memantine on spatial working memory performance in the scopolamine-induced transient amnesia model in rats.
MATERIALS AND METHODS

Animals
Twenty-four 7-to 12-month old male Long Evans (LE) rats (weighing 380-520 g) and eleven 4-to 7-month old male Wistar (W) rats (weighing 350-450 g) were used in the present study. Animals were obtained from Charles River Laboratories and were housed in pairs in individually ventilated cages under controlled conditions in the animal house of the Szentágothai Research Centre, University of Pécs (12/12 h light/dark cycle, with controlled temperature and humidity). Rats were fed daily with 17 g of laboratory chow per animal per day (on experimental days only after they had been tested) throughout the experiments to ensure sufficient motivation for exploration in the testing apparatus. Water was available ad libitum. This study was carried out in accordance with the recommendations of Decree No. 
T-maze Apparatus and Spontaneous Alternation Test Procedure
The T-maze apparatus was constructed according to Deacon and Rawlins (2006) , and the dimensions were described in our previous study (Bali et al., 2015) . The applied experimental protocol was based on the study of Spowart-Manning and van der Staay (2004) with some modifications made in our laboratory (Bali et al., 2015) . The rat was placed in the start arm and after the opening of the guillotine door, he had to make a choice between the right and left goal arms. After exploring the goal arm and returning to the start arm, the rat was confined in the start arm for 10 s between two trials. Then, the trial was repeated. Each session lasted for a maximum of 25 min or a maximum of 15 consecutive trials. A session was considered invalid if fewer than nine trials were completed. Because of the within-subject statistical design, animals that had any invalid sessions, were excluded from the analysis of the entire experiment.
In each trial, we primarily recorded which goal arm was chosen by the rat. If the rat entered the opposite arm compared to the previous trial, the choice was considered a correct choice (alternation). Otherwise, it was considered an erroneous choice. Alternation rate was determined as the proportion of correct arm choices (alternations) and the total number of trials offered for alternation (a maximum of 14 if all 15 trials were run).
In addition, as secondary endpoints, average trial duration (time elapsed from door opening until returning to the starting position) and average choice latency (time elapsed from door opening until entering one of the goal arms) were determined to control for side effects of the pharmacological treatments not related to memory.
Drugs and Routes of Administration
Scopolamine hydrobromide (Tocris), PHA-543613 hydrochloride (Tocris), and memantine hydrochloride (Tocris) were dissolved in physiological saline to create a final injection volume of 1 ml/kg. Scopolamine was injected intraperitoneally (i.p.) 10 min before experimental sessions, and PHA-543613 and memantine were injected subcutaneously (s.c.) 40 min before experiments (30 min before scopolamine administration). In treatments, where scopolamine, memantine and/or PHA-543613 were not administered, compounds were replaced with saline (vehicle, VEH) injected through the corresponding route of administration. In co-administration treatments, memantine and PHA-543613 were administered consecutively in two separate subcutaneous injections performed on the opposite sides of the body.
Experimental Design
Experiments were designed to investigate possible pharmacological interactions between memantine and the alpha7 nAChR agonist PHA-543613 in their effect on spatial working memory. Therefore, subeffective, effective, and higher than effective doses of memantine were co-administered with subeffective doses of PHA-543613. The efficacy of the co-administration treatments was compared with that of monotreatments with memantine and PHA-543613. Efficacy of cognitive enhancer treatments were tested against transient amnesia induced by scopolamine (0.5 mg/kg).
The study consisted of two phases: (1) an experiment for the determination of subeffective and effective doses of memantine; and (2) a set of experiments testing the interactive effects of memantine and PHA-543613 at different doses.
The doses applied in the memantine efficacy test were chosen on the basis of preceding pilot experiments and were the following: 0.001, 0.003, 0.01, 0.03, and 0.1 mg/kg. Subeffective doses of PHA-543613 were determined according to our previous study (Bali et al., 2015) . Each experiment was preceded by 3-6 sessions for habituation and training without pharmacological treatment until rats achieved stable control performance in the spontaneous alternation task.
In the experiments testing co-administration of memantine and PHA-543613 (Experiments 1-4, Table 1), the following pharmacological treatments were applied: scopolamine alone (further referred to as Scop), memantine monotreatment in different doses followed by scopolamine (Mem[dose] ), PHA monotreatment in subeffective doses followed by scopolamine (PHA[dose]), and co-administration treatment with memantine and PHA followed by scopolamine (Mem[dose]+PHA[dose]). All animals in a given experiment were subjected to each treatment. The treatments were applied in a counterbalanced (Latin square) design to achieve a fully randomized sequence of different treatments. The rat strains and doses applied in the experiments are listed in Table 1 .
Data Analysis and Statistics
The control performance of every animal was determined as its average alternation rate during training sessions. In the analysis of experiments with pharmacological treatments, data of animals that performed above the predetermined 0.6 alternation rate after Scop treatment (i.e., showing no considerable memory impairment), were excluded from all treatments. Thus, the effects of memantine, PHA-543613 and their co-administration were only tested on animals with confirmed sensitivity to scopolamine. Statistical analyses were performed using the IBM SPSS 20.0 statistical program and MS Excel. Alternation rate, average trial duration, and average choice latency data were analyzed with repeated measures ANOVA. Following significant main effects of treatments, different treatments (Control, Mem, PHA, Mem+PHA) were compared with the scopolamine treatment using post hoc LSD test. Then, the p-values were corrected with Holm's method for multiple comparisons (Holm, 1979) . Alternation rate after a given treatment was also compared to the chance level (0.5) using one-sample t-test with a one-tailed null hypothesis. An alternation rate significantly higher than the chance level indicated that rats showed normal alternating behavior and good memory performance after a given treatment. Effect size of treatments was estimated using eta squared (η 2 ) in ANOVA models, and Cohen's d for correlated samples (d rm ) in pairwise comparisons as calculated according to Lakens (2013) .
Since initial data showed a marked difference between animals in their responsiveness to memantine (i.e., optimal dose varied), which also affected the effectiveness of co-administration treatments, we performed an additional pooled analysis of cases when memantine was not effective in monotreatment. Thus, subjects from all the experiments with an alternation performance of less than 0.6 after memantine monotreatment were included in the pooled analysis. With the pooled data, we also performed an analysis to test whether memantine and PHA-543613 interacted in an additive or superadditive (synergistic) manner when used in co-administration (Bali et al., 2017 (Bali et al., 2018) .
RESULTS
Dose-Effect Relationship of Memantine
Experiments were performed to determine the relationship between the dose of memantine and its cognitive enhancer effect against scopolamine (Figure 1) . Out of the initial 13 LE rats, two animals were excluded from the statistical analysis because of invalid sessions, and another two were excluded because of the lack of effects of Scop on memory performance. A significant main effect of pharmacological treatments was found on the alternation rate of rats in the T-maze [n = 9, F(3.2, 25.8) = 3.12, p = 0.040, η 2 = 0.239]. Control performance of rats was above the chance level (one-sample t = 4.745, p < 0.001) and was significantly higher than after scopolamine treatment [Control vs. Scop: 0.63 ± 0.03 (mean ± SEM) vs. 0.43 ± 0.05, p = 0.047, d rm = 1.721] indicating that rats showed good control memory performance and alternating behavior. Memantine dose-dependently attenuated scopolamine-induced memory impairment and increased the average alternation rate of rats. Although the memory enhancing effect of memantine in the dose of 0.1 mg/kg was only marginally significant compared with the scopolamine alone treatment according to the corrected p-value (Mem0.1 vs. Scop: 0.62 ± 0.04 vs. 0.43 ± 0.05, p = 0.073, d rm = 1.444), Mem0.1 treatment restored normal alternating behavior of animals (one-sample t = 3.011, p = 0.008). Therefore, 0.1 mg/kg dose of memantine was considered as an effective dose for cognitive enhancement.
Experiment 1: Memantine and PHA-543613 in Subeffective Doses
In Experiment 1 (Figure 2A) , the subeffective 0.003 mg/kg dose of memantine was tested in co-administration with the subeffective 0.1 mg/kg dose of PHA-543613 against scopolamine-induced amnesia of rats. Experiments were performed on altogether 12 LE rats. One animal was excluded because of invalid sessions, and another two animals were excluded because of the lack of memory impairment after Scop treatment. Following the significant main effect of the pharmacological treatments [n = 9, F(4, 32) = 3.910, p = 0.011, η 2 = 0.266], the significant difference between the alternation rate after VEH and Scop treatments validated the model for cognitive impairment (Control vs. Scop: 0.63 ± 0.02 vs. 0.51 ± 0.02, p = 0.041, d rm = 1.723).
Monotreatments with memantine or PHA-543613 were not effective enough to attenuate the scopolamine-induced memory FIGURE 1 | Dose-response relationship for memantine against scopolamine-induced (0.5 mg/kg, i.p.) amnesia in the spontaneous alternation task (n = 9, Long Evans rats). Text below the graph represents the injections given before testing a given treatment, also showing the dose of memantine (mg/kg, s.c.). Significance level of post hoc comparisons between a given treatment and scopolamine alone treatment were marked with asterisks above the bars: ( * ) p < 0.1, * p < 0.05. Hash symbols mark that the alternation performance after the given treatment was significantly higher than the chance level (0. However, the co-administration of these subeffective doses of memantine and PHA-543613 resulted in a significant increase in the alternation rate (Mem0.003+PHA0.1: 0.64 ± 0.04; Mem0.003+PHA0.1 vs. Scop: p = 0.043, d rm = 1.338), and it restored the normal memory performance of the animals (one-sample t = 3.506, p = 0.004). Thus, in Experiment 1 an interaction between subeffective doses of memantine and PHA-543613 was found to be beneficial for the enhancement of cognitive performance of LE rats.
Experiment 2: An Effective Dose of Memantine and a Subeffective Dose of PHA-543613
In Experiment 2 (Figure 2B) , the subeffective dose of PHA-543613 (0.1 mg/kg) was co-administered with 0.03 mg/kg memantine, a dose that was considered initially as subeffective according to the dose-response curve of memantine (see section Dose-effect Relationship of Memantine). Two of the initial 12 animals were excluded because of the lack of memory impairment after Scop. Surprisingly, in Experiment 2, scopolamine-induced memory impairment of LE rats [n = 10; In Experiment 1, a subeffective dose of memantine was combined with a subeffective dose of PHA-543613 (n = 9 Long Evans rats); (B,C) In Experiments 2 and 3, effective doses of memantine were combined with subeffective doses of PHA-543613 (n = 10 Long Evans rats and 8 Wistar rats, respectively); (D) In Experiment 4, a subeffective dose of PHA-543613 was tested with a dose of memantine that was higher than its most effective dose (n = 8 Wistar rats). Significance level of post hoc comparisons between a given treatment and scopolamine alone treatment were marked with asterisks above the bars: * p < 0.05. Hash symbols mark the significance level of the difference between the alternation performance after the given treatment and the chance level (0.5, dashed line): (#) p < 0.1, # p < 0.05, ## p < 0.01, ### p < 0.001. normal alternating behavior (one-sample t = 1.057, p > 0.1). The co-administration of Mem0.03 and PHA0.1 treatments was not at all effective against the scopolamine-induced deficit, as the alternation performance after the co-administration treatment was not significantly higher than the scopolamine alone treatment, and the alternation rate was close to the chance level (Mem0.03+PHA0.1: 0.49 ± 0.06; Mem0.03+PHA0.1 vs. Scop: p > 0.1, d rm = 0.671). Thus, the addition of PHA-543613 to an effective dose of memantine did not improve but rather attenuated its memory enhancing effect.
Experiment 3: An Effective Dose of Memantine and a Subeffective Dose of PHA-543613
In Experiment 3 (Figure 2C) , we investigated the effects of 0.1 mg/kg memantine alone and in co-administration with PHA-543613 (0.3 mg/kg) in W rats. Earlier, the dose of memantine was found to be an effective dose in LE rats. Twelve rats were tested in the experiments, and two animals were excluded because of invalid sessions, while another two were excluded because of the lack of memory impairment after Scop. Pharmacological treatments produced a significant main effect [n = 8, F(4, 28) = 2.957, p = 0.037, η 2 = 0.262], and scopolamine induced a decrease of the performance sufficient for modeling cognitive impairment (Control vs. Scop: 0.64 ± 0.03 vs. 0.39 ± 0.05, p = 0.026, d rm = 2.300). As in LE rats, Mem0.1 treatment increased the alternation rate of W rats compared with the performance observed after scopolamine alone treatment (Mem0.1: 0.56 ± 0.03; Mem0.1 vs. Scop: p = 0.048, d rm = 1.505). Moreover, Mem0.1 treatment restored normal memory performance, resulting in an alternation rate marginally significantly higher than the chance level (one-sample t = 1.859, p = 0.053). The 0.3 mg/kg dose of PHA-543613 was not effective against scopolamineinduced memory impairment (PHA0.3: 0.46 ± 0.06, PHA0.3 vs.
Scop: p > 0.1, d rm = 0.513). A co-administration treatment with an effective dose of memantine and a subeffective dose of PHA-543613 (Mem0.1+PHA0.3: 0.52 ± 0.08) only slightly attenuated the scopolamine-induced deficit on average. The effect was not significant compared with that of the scopolamine alone treatment (Mem0.1+PHA0.3 vs. Scop: p > 0.1, d rm = 0.696), and it did not restore normal alternation behavior (onesample t = 0.182, p > 0.1). Again, satisfactory efficacy of memantine could not be further potentiated with the addition of PHA-543613.
Experiment 4: Memantine in a Higher Than Effective Dose
In Experiment 4 (Figure 2D) , the behavioral pharmacology of memantine was investigated in W rats at a dose of 0.3 mg/kg, which was not tested in monotreatment earlier but was higher than the lowest effective dose in LE rats. The dose of PHA-543613 was also 0.3 mg/kg, which was similar to Experiment 3. Three of the initial 11 animals were excluded because of invalid sessions, and all rats showed memory impairment after Scop. Treatments in Experiment 4 resulted in a significant main effect [n = 8, F(4, 28) = 3.693, p = 0.015, η 2 = 0.322], and scopolamine effectively impaired the performance of rats (Control vs. Scop: 0.63 ± 0.02 vs. 0.31 ± 0.08, p = 0.024, d rm = 1.958). Although memantine treatment slightly improved the alternation rate on average, the resulting performance (Mem0.3: 0.50 ± 0.08) was not significantly higher either compared with scopolamine treatment (Mem0.3 vs. Scop: p > 0.1, d rm = 0.848) or to the chance level (one-sample t = 0.002, p > 0.1). As in Experiment 3, 0.3 mg/kg dose of PHA-543613 was found to be subeffective for the memory impairment induced by scopolamine in W rats (PHA0.3: 0.44 ± 0.07; PHA0.3 vs. Scop: p > 0.1, d rm = 0.613). However, the co-administration of the ineffective doses of memantine and PHA-543613 resulted in a significant improvement of alternation performance of rats compared with scopolamine alone treatment (Mem0.3+PHA0.3: 0.60 ± 0.04; Mem0.3+PHA0.3 vs. Scop: p = 0.040, d rm = 1.611). The co-administration treatment also restored normal memory performance and resulted in an average alternation rate significantly higher than the chance level (onesample t = 2.391, p = 0.024). Thus, PHA-543613 positively influenced the efficacy of memantine also at higher than effective doses of memantine.
Comparison of Effect Sizes as a Function of the Dose of Memantine
For the purpose of standardized comparison of efficacy of treatments in different experiments, we compared effect sizes for memantine (Mem vs. Scop) in monotreatments and in coadministration with PHA-543613 (Mem+PHA vs. Scop) as a function of the memantine dose ( Figure 3A) . The effect size of memantine monotreatment showed an inverted U-shaped relation with the dose, as the effect size increased in the 0.003 mg/kg to 0.1 mg/kg dose range, while a higher dose (0.3 mg/kg) resulted in the decrease of the effect size. Effect sizes of co-administration treatments (Mem+PHA) changed conversely as a result of increasing memantine doses. Mem+PHA treatment exerted a substantial cognitive enhancing effect when memantine was applied in a lower (0.003 mg/kg) or in a higher (0.3 mg/kg) dose, while at intermediate memantine doses, coadministration treatment exerted a smaller effect (from 0.03 to 0.1 mg/kg).
Pooled Analysis of Cases With Ineffective Memantine Doses
To test the hypothesis that PHA-543613 potentiates ineffective doses of memantine, we performed a pooled analysis of data from animals that were not positively affected by the applied dose of memantine monotreatment. Results ( Figure 3B , and pooled analysis of cases (n = 26) with non-effective memantine monotreatments (B). On part (B), significance level of post hoc comparisons between a given treatment and scopolamine alone treatment were marked with asterisks above the bars: * p < 0.05, * * p < 0.01. Hash symbols mark that the alternation performance after a given treatment was significantly higher than the chance level (0.5, dashed line): # p < 0.05, ### p < 0.001. TABLE 2 | Effects of scopolamine (Scop, 0.5 mg/kg, i.p.) and memantine (Mem followed by the dose in mg/kg, s.c.) on the average choice latency and the average trial time data (mean ± SEM, n = 9). Furthermore, we assessed the nature of the interaction between behavioral effects of memantine and PHA-543613. We found that the effect of memantine and PHA-543613 in coadministration (0.18 ± 0.05) was not significantly higher than the sum of monotreatment effects (0.16 ± 0.09; t = 0.324, p = 0.748). Hence, pooled analysis revealed that the co-administration of memantine and PHA-543613 provide a beneficial additive effect when memantine is used at an ineffective dose.
Control
Lack of Effects on Time Variables
No significant main effect of pharmacological treatments was found on the measured time variables in most experiments, neither in the experiment determining effective doses of memantine [choice latency: F(2.2, 17.3) = 2.620, p = 0.098; trial time: F(6, 48) = 0.367, p = 0.897], nor in most experiments with co-administration treatments (data are summarized in Tables 2, 3) . One exception was Experiment 4, where a significant main effect [F(4, 28) = 2.733, p = 0.049] of pharmacological treatments was found on the average choice latency of the animals. However, in post hoc comparisons of time variables, neither monotreatments nor the co-administration treatment were significantly different from control sessions (29.4 ± 3.6, n.s.) or the scopolamine alone treatment (25.7 ± 9.6, n.s.). We can conclude that the applied pharmacological treatments did not generally affect the speed of animals in performing the task.
DISCUSSION
The present study investigated interactions between memantine and the alpha7 nAChR agonist PHA-543613 in their cognitive effects on rats testing the hypothesis that a combinational treatment would lead to increased efficacy in ameliorating cognitive deficits. The dose-effect relationship of low memantine doses was assessed, and the maximum efficacy of memantine was found at the 0.1 mg/kg dose, while higher doses (in Experiment 4) exerted no memory enhancement. Such an inverted U-shaped dose-response relationship of pharmacological cognitive enhancement is typical (Harada et al., 2012; Gould et al., 2013) as it has also been reported previously with memantine (Woodruff-Pak et al., 2007; Barber et al., 2010; Schneider et al., 2013) . Although much higher doses of memantine were frequently used in rodent behavioral experiments (up to 30 mg/kg), 5 mg/kg is the maximum therapeutically relevant acute dose of memantine in rats, because it results in plasma levels that correspond to the well-tolerated upper limit in human patients (Parsons et al., 2007; Rammes et al., 2008) .
Conversely, high memantine doses supposedly result in nonselective receptor binding and induce side-effects similarly to other NMDAR antagonists like MK-801 (Parsons et al., 1999) . In fact, such non-selective physiological changes and adverse effects on behavior were reported already at higher than 1 mg/kg memantine doses (Wise and Lichtman, 2007; Ihalainen et al., 2011; Kotermanski et al., 2013; Schneider et al., 2013) . Similar to the present findings, earlier results also support the effectiveness of memantine in low doses below 1.0 mg/kg (Wise and Lichtman, 2007) . Thus, using low doses of memantine in our experiments was relevant for the purpose of testing the effects of memantine in co-administration treatments and non-specific (e.g., increase of ACh level) and adverse effects were presumably also avoided. According to the results in the secondary measurements (choice latency, trial time), no adverse effects of the memantine treatments were found, indicating that memantine did not influence the speed of animals while performing the task.
According to the established memantine dose-effect curve, we tested co-administration treatments of effective and ineffective doses of memantine with subeffective doses of alpha7 nAChR agonist PHA-543613. Results showed that the coadministration treatment produced a more beneficial effect than monotreatments when memantine was applied in ineffective doses, regardless of whether the dose was lower (0.003 mg/kg) or higher (0.3 mg/kg) than the effective dose. Pooled analysis of ineffective memantine monotreatments revealed that the cognitive enhancer effects of memantine and PHA-543613 are additive when the agents are used in co-administration. However, PHA-543613 failed to further potentiate effective doses of memantine (0.03 and 0.1 mg/kg), as these co-administration treatments did not significantly increase memory performance compared with scopolamine alone treatments. These results might raise a possible interpretation that an antagonistic relationship was found between memantine and PHA-543613 with effective memantine monotreatments, although the performance after the co-administration treatment was not significantly worse than that after the monotreatment with memantine in the same experiment. Effect size comparisons of memantine monotreatments and co-administration treatments in all four experiments implied that the maximum effect of memantine monotreatment and its co-administration with PHA-543613 converged to a common ceiling effect. Thus, the addition of an alpha7 nAChR agonist might help to reach maximum efficacy of memantine in a wider dose range. However, it cannot increase the efficacy of memantine beyond that of an optimal monotreatment dose. Note that the limitation of such interpretations is that the animals used in the present study were not inherently impaired in cognition, and the scopolamineinduced amnesia model mimics only the targeted neurochemical aspect (i.e., cholinergic deficit) of cognitive impairment.
Previously, different kinds of pharmacological agents were tested in combination with memantine in preclinical behavioral models of cognitive impairment. Most frequently, memantine was combined with FDA-approved AChEI compounds, such as donepezil and galantamine. The combination of donepezil and memantine exerted no superior effect over monotreatments in preclinical animal experiments (Wise and Lichtman, 2007; Woodruff-Pak et al., 2007; Ihalainen et al., 2011) . However, only one dose of donepezil was typically applied in these studies raising the possibility that negative results arose from the combinations of inappropriate doses. Moreover, metaanalyses of clinical studies in humans concluded that adjunctive memantine treatment showed no or only small benefits over AChEI monotherapies (Farrimond et al., 2012; Tsoi et al., 2016) . Conversely, galantamine, an AChEI also acting as a positive allosteric modulator (PAM) on alpha7 nAChRs, influenced the efficacy of memantine in some preclinical animal models. Busquet et al. (2012) found a superior combinational effect of 0.1 mg/kg galantamine and 0.5 mg/kg memantine over monotreatments in spontaneous alternation and novel object recognition (NOR) paradigms of mice, using the scopolamineinduced amnesia model. Nikiforuk et al. (2016) reported similar results in rats using attentional set shifting and NOR tests, and further demonstrated that the interaction of galantamine (0.3-1.0 mg/kg) and memantine (1 mg/kg) in their cognitive effect was dependent on alpha7 nAChRs. Interestingly, Schneider et al. (2013) found that the addition of memantine (0.5 mg/kg) counteracted the cognitive enhancer effect of an effective dose of galantamine (0.3 mg/kg) in a delayed matching-to-sample (DMTS) working memory task in rhesus monkeys. This showed an antagonistic interaction similar to the one we observed in rats in the present study when PHA-543613 was co-administered with an effective dose of memantine.
Interactions between galantamine and memantine in combined treatments were mainly explained by the alpha7 nAChR PAM activity of galantamine, while it was also demonstrated that other alpha7 PAMs can also enhance the efficacy of memantine (Nikiforuk et al., 2016) . Since the mechanisms of alpha7 nAChR activation by PAMs and agonists are substantially different (Lendvai et al., 2013) , our present results may extend earlier findings by revealing that a selective agonist of the alpha7 nAChR also shows different types of interactions with memantine (enhancement, but perhaps also antagonism) affecting its efficacy in ameliorating cognitive impairment.
Pharmacological interactions between memantine and alpha7 nAChR ligands are not surprising, since memantine also acts as an antagonist for alpha7 nAChRs. Moreover, the affinity of memantine for alpha7 nAChRs was found to be higher than its affinity for NMDARs in the mouse brain in vitro (Aracava et al., 2005) . Accordingly, as it has been suggested, the action of memantine on alpha7 nAChRs might also contribute to its cognitive effects (Banerjee et al., 2005) , especially in low doses. However, it has not been clarified yet whether the affinity of memantine to alpha7 nAChR is beneficial or disadvantageous regarding its cognitive enhancer efficacy.
Finally, we propose possible mechanistic explanations for the observed interactive effects of memantine and PHA-543613. One possible explanation involves the effects of memantine and PHA-543613 on glutamatergic signaling. According to the classic interpretation of the cognitive enhancer effects of memantine, it is suggested that memantine weakly antagonizes NMDARs and blocks their pathologic overactivation at extrasynaptic sites, thus, increasing the signal-to-noise ratio of glutamatergic transmission (Xia et al., 2010; Collingridge et al., 2013) . Furthermore, activation of alpha7 nAChRs on presynaptic sites of glutamatergic terminals increases glutamate release (Marchi et al., 2002; Gomez-Varela and Berg, 2013) , and facilitates NMDAdependent glutamatergic responses of hippocampal pyramidal neurons (Bali et al., 2017) . It is hypothesized that the blockage of pathologic NMDAR activation and the concurrent cholinergic facilitation of synaptic glutamate release may even synergistically improve the physiological glutamatergic signaling.
Another explanation for the interaction between memantine and PHA-543613 involves alpha7 nAChRs as the same target of both compounds. Taking into account that memantine is also an antagonist of the alpha7 nAChR while PHA-543613 is an agonist of the same receptor, their additive effects might be explained by the agonist-induced desensitization effect (Quick and Lester, 2002) . In their commentary, Banerjee et al. (2005) also refer to similar effects of alpha7 nAChR agonists and antagonists, and imply that antagonism or desensitization of the alpha7 nAChR may result in beneficial physiological and cognitive effects. According to this hypothesis, subeffective doses of memantine may not inactivate a sufficient number of alpha7 nAChRs to exert behavioral effects. Here, desensitization of further alpha7 nAChRs by PHA-543613 may have potentiated memantineinduced effects by increasing the number of inactivated receptors to exceed the threshold for cognitive effects.
The present results do not allow us to choose one or the other from the above discussed explanations. However, the additive relationship between memantine and PHA-543613 in the present study, and the finding that the maximum efficacy of memantine was not further increased by the addition of PHA-543613, together may suggest that the cognitive enhancer effects of the two compounds arose from their possible action on the same receptor target. As such, the common target of memantine and PHA-543613 may most likely be the alpha7 nAChR. Thus, our results further support the presumption that alpha7 nAChRs may play an important role in the cognitive enhancer effects of memantine. However, as a limitation, the present results do not provide direct evidence on the receptor-level interaction of memantine and PHA-543613.
CONCLUSION
Here, we firstly reported the additive interaction between a selective alpha7 nAChR agonist and memantine in their effects on cognition in rats. Ineffective memantine treatments were successfully improved by the addition of PHA-543613, although the co-administration of the alpha7 nAChR agonist and memantine did not exceed the maximum efficacy of memantine monotreatments. Thus, the preclinical relevance of our results is that applied doses of memantine might be decreased by addition of low doses of alpha7 nAChR agonists, while also providing the beneficial cognitive enhancer effects. Furthermore, the addition of alpha7 nAChR ligands to memantine treatment may extend the therapeutic dose range of memantine by providing stable efficacy in a wider dose range. As a possible explanation of our results we hypothesize that the cognitive enhancer effects of the two compounds and their co-administration treatment may originate from their effect on the alpha7 nAChR. However, this presumption requires further investigation on the cellular level.
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